Selection to reduce susceptibility to Enterococcus faecalis infection in laying hens may contribute to the prevention of amyloid arthropathy since it is mainly induced by this bacterium. Therefore, the aim of the present study was to investigate the possibility to select more laying hens that are resistant against E. faecalis infection through the embryo lethality assay (ELA), which is proposed as an alternative model to replace the adult avian challenge assay. Ten-day-old embryos of 500 Lohmann Brown layers were inoculated into the allantoic cavity with an infectious dose of 2.5 colony-forming units (cfu)/mL of the avian E. faecalis strain K923/96 in 3 ELAs. The embryonic mortality rate (EMR) was determined by candling the eggs daily over a period of 4 d. The average EMR estimated during the 3 ELAs was 50% and the highest EMR occurred 3 to 4 d post inoculation. The estimated heritability for embryonic survivability to the infection was h 2 = 0.12-0.14, calculated with the logistic and probit link function, respectively, indicating that the selection of more laying hens that are resistant to E. faecalis infection is feasible. A highly negative genetic correlation was estimated between embryonic survivability and laying performance at the peak of lay (r g = -0.22) and at the end of the production (r g = -0.65), as well as with breaking strength (r g = -0.30 to -0.37). A positive correlation was found between egg weight and the embryonic survivability (r g = +0.16), and no genetic correlation was found with body weight and dynamic stiffness. Therefore, although it was demonstrated that it is possible to breed for E. faecalis resistance, special care should be taken to monitor and to take all traits and their genetic correlations into account in order to achieve a balanced genetic progress. Besides, the ELA does not require that the hens are exposed to pathogens thereby saving labor and cost. Therefore, it could be feasible that ELA be implemented in selection programs.
INTRODUCTION
According to the World Health Organization (2011), it is estimated that over 25,000 people in Europe die each year from infections caused by antibiotic-resistant bacteria. Therefore, it is expected that the use of antibiotics will decrease substantially in the future, specifically in animal production, in order to comply with regulations to meet consumer demands. However, avian infectious diseases cause important production losses in the poultry industry, which is not only an economic problem but it also compromises the welfare of the birds and raise humane concerns worldwide. Consequently, there is a high necessity for control strategies against bacterial infections. Different general strategies could C 2018 Poultry Science Association Inc. Received September 13, 2017. Accepted July 7, 2018. 1 Corresponding author: blanco.g.ana@gmail.com be applied in the fight against bacterial infections such as the development of vaccines and the breeding and selection of more resistant birds, in addition to hygienic measures and biosecurity.
The development of amyloid arthropathy (AA) in chickens is associated with chronic inflammation and infection, which appears to be induced by arthropathic and amyloidogenic Enterococcus faecalis strains (Landman et al., 1997) . Amyloid arthropathy is considered an irreversible disease since the amyloid fibrils have low solubility and a relative resistance to proteolytic digestion under physiological conditions (Landman et al., 1998) . Therefore, to date, the treatment of AA has focused on treating the underlying inflammatory disease caused by E. faecalis and thus prevent the occurrence of fibrillogenesis.
Antibiotics, such as penicillin, erythromycin, novobiocin, nitrofurans, oxytetracycline, chlortetracycline, and tetracycline, are used in poultry to treat enterococcal infections (Thayer et al., 2008) . However,
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E. faecalis has a natural intrinsic resistance toward erythromycin and tetracycline (McBride et al., 2007) , which makes treatment difficult and can lead to resistant infections, an issue that is becoming increasingly important. Consequently, control strategies against E. faecalis infections are required.
It has been demonstrated that selection for an increased resistance to Marek's disease, avian leucosis viruses, salmonellosis, colibacillosis, as well as other diseases can be effective (Kuhnlein et al., 2003) . Genetic selection to reduce susceptibility to diseases first requires the presence of genetic variation in susceptibility among individuals in susceptibility. The selection response can then be predicted from estimating heritability.
Genetic variation in susceptibility to AA between brown and white-egg laying breeds has been reported both in field and induced cases of AA. As recently reviewed by Blanco et al. (2016) , the greater susceptibility to AA of chicken breeds may be associated with immunological response pattern since brown and white layers show a different immune reaction when they are infected with amyloidogenic E. faecalis strains (Zekarias et al., 2000) . According to Ovelgonne et al. (2001) , although the differences in susceptibility to AA among individuals could have a genetic basis, it cannot be explained by the genes of the precursor protein serum amyloid-A (SAA) because its amino acid sequences in both chicken breeds are identical and therefore, the susceptibility of brown layer chickens to AA is not the result of its SAA being more prone to form amyloid fibrils.
Therefore, the aim of the present study was to investigate the possibility to breed for higher resistance against E. faecalis infection in Lohmann Brown layers through the embryo lethality assay (ELA), which is proposed as an alternative model to replace the adult avian challenge assay.
MATERIAL AND METHODS

Ethical Statement
Researches with avian embryos are currently not regulated by the legislation in Germany and therefore, an approval for an ethics committee was not required for the present study. The ELAs with chicken embryos egg were finished 7 d prior to hatching, i.e., by developmental day 14, at the latest.
Embryo Lethality Assay
All ELAs carried out in the present study were developed following previously described methods for the inoculation of chicken embryos with avian E. faecalis strains in the allantoic cavity (AC) (Blanco et al., 2017 (Blanco et al., , 2018 , but the experiment duration of the ELAs was 4 d. The flocks tested were free from pathogens like Salmonella and Mycoplasma. Only hatching eggs of first quality were used. Soiled eggs as well as eggs with hairline cracks were sorted out. Eggs were stored at 15
• C for a maximum of 4 d prior to incubation and incubated in an autorotating egg incubator (Petersime nv, Belgium) at 37.8
• C and 52 to 56% relative humidity. The embryos were inoculated via the AC after 10 d of incubation with a single known and well-characterized pathogenic avian E. faecalis strain K923/96 (Rudolph, 2004; Petersen et al., 2009; Blanco et al., 2017 Blanco et al., , 2018 and 0.2 mL of different infectious doses (5 and/or 2.5 colony-forming units (cfu)/mL) as previously described by Blanco et al. (2017) .
The incubated eggs were candled every 24 h for 4 d, and embryonic mortalities were daily recorded per group. It should be noted that the embryos that died within 24 h post inoculation (p.i.) were removed from the experiment since their deaths could be attributed to a lethal trauma during the manipulation (Wooley et al., 2000) . At the end of each ELA, at 14 d of incubation, all surviving embryos were sacrificed by hypothermia. They were stored at 4
• C for 48 h. Random selections of the embryos that died by the infection, as well as some surviving embryos at the end of the ELAs, were used to evaluate macroscopic lesions and to recover the bacteria from the allantoic fluid of the embryos p.i., as reported by Blanco et al. (2017) . Blanco et al. (2017) reported that the median lethal dose (LD 50 ) of 6.6 cfu/mL of the E. faecalis strain K923/96 was able to kill half of the White Leghorn layer embryos at a defined time. Since AA has never been reported in field cases in white-egg laying breeds and they are less susceptible to induced AA than brown-egg laying breeds (Ovelgönne et al., 2001) , the genetic selection to reduce susceptibility to E. faecalis infection would make sense for brown layer chickens. We hypothesized that chicken embryos of Lohmann Brown layers would be less resistant to E. faecalis infection as compared with embryos of White Leghorn layers when they are infected with the same strain and infectious dose.
Preliminary Study
A total of 2,711 brown embryos from a commercial program of Lohmann Brown layers at an age of 35 to 55 wk were inoculated in 6 individual ELAs (I to VI). The embryos of the experimental group were inoculated with a single avian E. faecalis strain K923/96 and 0.2 mL of 2 infectious doses of 2.5 and 5 cfu/mL. Both infectious doses were used in all these ELAs, with the exception of the ELAs IV and V, in which only the infectious dose of 5 cfu/mL was used. In addition to the embryos of the experimental group, there was always 1 control group in each ELA, whose embryos were inoculated in the AC with 0.2 mL of sterile phosphatebuffered saline (PBS).
Main Study
Once the appropriate dose for the brown embryos was determined, 3 more ELAs (VII to IX) were carried out, whose embryos were inoculated with 0.2 mL of 2.5 cfu/mL of the E. faecalis strain K923/96.
From a commercial program of Lohmann Brown layers, a group of 500 hens at an age of 54 to 56 wk were chosen. The brown layers descended from 87 pure line sires and 362 pure line dams. As shown in Figure 1 , most hens were represented by 15 to 21 embryos among the 3 ELAs (ranging from 3 to 8 embryos in each individual ELA). However, 34 hens were not represented in any ELA and were therefore not considered for the statistical analysis. Besides, the hens, which were represented with less than 3 embryos during the 3 ELAs, were also discarded for the statistical analysis. Consequently, the main study was performed on a sample of 6993 brown embryos from 455 hens. The number of embryos used was 2437 for ELA VII, 2325 for ELA VIII, and 2231 for ELA IX, respectively.
Traits of Economic Importance
In order to investigate the possibility to breed for higher resistance against E. faecalis infection, the influence of this selection for other traits of economic importance in the poultry industry was assessed. Laying performance was recorded and estimated based on the average measurement in 3 periods; period 1 (start of lay) between 20 and 23 wk of age, period 2 (peak of lay) between 24 and 51 wk of age, and period 3 (end of lay) between 56 and 71 wk of age. Egg weight (EW) was measured with a scale calculated in grams with an accuracy of ±0.01 g and estimated based on the mean of 3 measurements at 28, 35, and 45 wk of age. The body weight (BW) of the hens was recorded at 32 wk of age with a hanging weighing scale, Kern Ch50k50 (Testoon, Châtillon, Francia). Additionally, breaking strength (BS) and dynamic stiffness (K dyn ) were analyzed. These 2 traits are related with the shell stability. BS captures the maximum load that can be withstood by an egg and provides information about the strength required to crack the eggshell (Bain, 2005) . This trait was measured at the blunt end of the egg in Newton and was determined using a BS device of Technical Services and Supplies Ltd. (TSS, York, UK). BS was estimated based on the average of measurements taken at 28, 35, and 45 wk of age (period 1) and at 60 and 65 wk of age (period 2). K dyn is based on an acoustic resonance test and offers information about the uniformity and eggshell strength as well as the probability of cracking (Bain et al., 2006) , which was determined with a device called the "Crack Detector," at 40 wk of age. According to De Ketelaere et al. (2002) , modeling the egg as a mass-spring system, the dynamic stiffness is given as K dyn = m × RF 2 × cte, with m being the mass of the egg in kilograms, RF the first resonant frequency of the vibration in Hertz, and cte a constant = 4 × π 2 according to Coucke (1998) , but set to 0.01 in this study for a better visualization of the data. The lower the K dyn value, the lower its dynamic stability.
Statistical Analysis
Preliminary Study. Statistical analyses of mortality data were carried out by applying a linear logistic model for repeated measurements with a binary response variable, which was modeled as a binomial random variable (y i ). The dependent variable (y i ) can take the value 1 with a probability for embryonic mortality π i, or the value 0 with a probability to survive of 1-π i . The logistic model uses a link function g (μ i ), linking the expected value to the linear predictors η i . The logit link function is defined by log [π i /(1-π i )] = η i , where π i is the probability of mortality until the end of the experiment at 14 d of incubation. The data were then analyzed with the GLIMMIX procedure (SAS Institute Inc., 2011) using the following generalized linear model (Littell et al., 1999) :
Where η ij denotes the linear predictor, π ij is a binary outcome (i.e., probability of embryonic mortality), μ is the overall mean effect, α i is the fixed effect of the infectious dose, and ß j is the random effect of repeated measurement of the ELA. Least squares means (LSMEANS) were estimated on the logit scale and then back-transformed using the inverse link function π = exp (xβ)/[1 + exp (xβ)] to the original scale (probability), applying the LSMEANS statement. Significant differences between LSMEANS were tested using a t-test procedure by inclusion of the DIFF option in the LSMEANS statement. Differences were considered significant when P < 0.05.
Main Study. For the estimation of genetic parameters, the egg traits and the full pedigree information of all tested hens from 4 generations were used. For the estimation of the heritability of embryonic survivability to E. faecalis infection, the mean value of the 3 ELAs was calculated for each hen. Heritability and repeatability were calculated using a univariate animal model with the variance of the logit and probit link functions by applying the package ASREML (Gilmour et al., 1998) . The variance of the logit link function implies a correction of the residual variance by factor π 2 /3 presented as follows:
where σ 2 A is the additive genetic variance and σ 2 EP is the variance of permanent environment. Estimates of random effects of the animals were calculated in a univariate model on the logit scale and then back-transformed to the original scale using the inverse
Genetic correlations between embryonic survivability and egg traits were estimated using a bivariate animal (hen) model analysis. Fixed effects for the bivariate model were the same as the univariate analysis. Genetic correlations between binomially distribution traits were also estimated via ASREML (Gilmour et al., 1998) using the probit link function.
The course of embryonic survivability over the 4 postinoculation days within each treatment group was illustrated according to the life table method (survival analysis) by applying the LIFETEST procedure of SAS System 9.3 (SAS Institute Inc., 2011) and using the following model:
whereŜ(t) is the survivor function and t is the lifetime of a randomly selected experimental unit. For each j : t j ≥ t, let t 1 < t 2 < . . . < t k represent the different event times. n j is the number of individuals at risk just prior to t i , and d j is the number of individuals that die at time t j . Table 1 shows the results of the preliminary study. The embryo mortality rate (EMR) of the control group in the ELA I was surprisingly high (42%). We realized that the embryos were accidentally contaminated with E. faecalis after cultivating smear samples from the allantoic fluid of some of them. ELA I was therefore considered invalid and excluded from the statistical analysis.
RESULTS
Preliminary Study
With the exception of the control group of the ELA I, the bacterial count of the control groups was always negative and no lesion in the embryos was observed indicating that there was no cross-contamination. Therefore, the contamination of the control group of the ELA I could have only been caused by the accidental contamination of the bottle of sterile PBS. The average EMR of the control group was 3%, indicating an appropriate environment in the incubator during the study and the low negative impact of the injection. Besides, the control group differed significantly from each of the other infectious doses.
The ELAs II to VI showed different EMR according to the infectious dose. The infectious dose showed a significant effect (P < 0.0001) on the EMR. As shown in Table 1 , both infectious doses resulted in more than 60% lethality after 4 d p.i. The average EMR for the infectious dose of 5 cfu/mL was 83% and 69% for the infectious dose of 2.5 cfu/mL. These differed significantly from each other. The highest EMR was recorded after 3 d p.i. with both doses. Malformed and underdeveloped embryos were observed in both treated groups regardless of the infectious dose.
Based on these results, the embryos in the main study were infected with a single infectious dose of 2.5 cfu/mL in order to avoid a massive embryonic mortality that would not allow the discrimination between the susceptibility of the embryos.
Main Study
Embryo Lethality Assay. The average EMR was 54% in the ELA VII, 30% in the ELA VIII, and 74% in the ELA IX. The average EMR in the 3 ELAs varied among the embryos from 0 to 100%, with a standard deviation of 23%, as shown in Figure 2 . The embryos from 24 hens suffered an average EMR that was lower than 10% during the 3 ELAs. All embryos from 12 of these hens survived the infection. On the contrary, all of the embryos from 5 hens died during the 3 ELAs and the embryos from 12 hens suffered an average EMR of between 90 and 99%. The embryos from 151 hens suffered an average EMR of between 50 and 69%.
The infected embryos succumbed to bacterial infection and their bodies showed malformations, underdevelopment, cranial and skin hemorrhages, loss of plumage and subcutaneous edema.
The survival curve for the embryos infected during the 3 ELAs is presented in Figure 3 . Obviously, the infected embryos in ELA VIII, whose EMR was lower, had more survival probability than the embryos infected in the ELAs VII and IX, respectively. Regardless of the ELA, the highest embryonic mortality occurred 3 and 4 d p.i.
Descriptive Statistics. Table 2 shows the descriptive statistics for the embryonic survival and each analyzed trait including mean values and standard deviations. The average embryonic survivability estimated during the 3 ELAs was 50%. The average laying performance varied from 74 to 94% among the periods. The average estimated EW based on the mean of 3 measurements at 28, 35, and 45 wk of age, was 63.6 g. BW measured at 32 wk of age ranged from 1.4 to 2.5 kg among the birds, with an average of 1.9 kg. Regarding the traits related with shell stability, the average BS in the period 1 was 4.5 N higher than in period 2, and the average K dyn at 40 wk of age was 163.
Heritabilities and Genetic Correlations. Estimated genetic parameters for embryonic survivability are presented in Table 3 . The estimated heritability for embryonic survivability was generally on a moderate level. The estimated heritability was h 2 = 0.12 ± 0.04, calculated with the logistic link function, and h 2 = 0.14 ± 0.05, calculated with the probit link function. Table 3 also shows the repeatability of the resistance to E. faecalis infection. The repeatability represents the upper limit of the heritability and was w 2 = 0.18 ± 0.02, calculated with the logistic link function, and w 2 = 0.22 ± 0.02, calculated with the probit link function.
The estimated genetic correlations between the embryonic survivability and the analyzed traits are shown in Table 4 . The genetic correlations between the embryonic survivability and laying performance were negative and higher in the 2 last periods (r g = -0.22 ± 0.39 in period 2 and r g = -0.65 ± 0.26 in period 3), as compared with the first period of production, where the correlation was positive (r g = +0.31 ± 0.18). A positive correlation was also found between EW and the embryonic survivability (r g = +0.16 ± 0.14). No genetic correlation between BW and the embryonic survivability (r g = -0.04 ± 0.14) was found. The genetic correlation between BS and the embryonic survivability was r g = -0.30 ± 0.16 in period 1 and r g = -0.37 ± 0.26 in period 2. However, there was no correlation between K dyn and the embryonic survivability (r g = -0.05 ± 0.15).
The relationships between embryonic survivability and analyzed traits are shown in Figure 4 . The graphs A, B, and C show the relationship between embryonic survivability and laying performance at the beginning of lay (period 1), at peak of lay (period 2), and at the end of lay (period 3), respectively. A linear negative effect on the laying performance in periods 2 and 3 can be distinguished. The negative relationship between embryonic survivability and the traits related with shell stability are shown in graphs D and E for BS in periods 1 and 2, respectively, and in graph F for K dyn . The positive relationship between EW and embryonic survivability is depicted in graph G. Graph H shows the weak relationship between BW and embryonic survivability.
DISCUSSION
A preliminary study with fertilized brown embryos was carried out under the hypothesis that chicken embryos of brown layers would be less resistant to E. faecalis infection as compared with embryos of white layers when they are infected with the same strain and infectious dose. The results obtained in this preliminary study supported this hypothesis. As shown in Table 1 , the infectious doses used in brown embryos in the preliminary study showed a significant effect on the EMR in accordance with the results obtained by Blanco et al. (2017) . However, these authors did not observe any significant differences between the infectious doses of 5 and 2.5 cfu/mL with white embryos. This contradicts our results. The EMR of the brown embryos was higher than that of the white embryos, even when the duration of the experiment was shorter (4 vs. 7 d). The EMR of the brown embryos in the present preliminary study was 83% with an infectious dose of 5 cfu/mL, and 69% with 2.5 cfu/mL. Blanco et al. (2017) reported an EMR of 45% in white embryos with the infectious dose of 5 cfu/mL and 43% with 2.5 cfu/mL. These results prove genetic variation in susceptibility to E. faecalis infection between brown and white breed layers as previously reported by Ovelgönne et al. (2001) .
Infectious diseases are responsible for high losses in the poultry industry due to mortality, veterinary costs, product contamination, and subclinical symptoms. Changes in regulations about the use of antibiotics in animal production and the fact that some vaccines are only partly effective underline the need for other approaches to disease control (Warner et al., 1987) . Selection for disease resistance could be useful for this purpose. Breeding for increased disease resistance is difficult because the estimated heritabilities for resistance against a particular pathogen are generally low, although the heritabilities for the trait resistance to one specific disease are normally higher than that for mortality, in general. It should be taken into account that, although the genetic improvements are perhaps small for each generation, they are permanent and cumulative (Lamont, 1998) . Additionally, breeding for resistance involves exposure of the animals to pathogenic agents, which raises ethical questions from an animal welfare standpoint. Therefore, it seems appropriate to use the chicken ELA, which has been positively correlated (r = 0.823, P < 0.0001) with the adult avian challenge assay with Escherichia coli strains (Gibbs and Wooley, 2003) . The correlation was even higher between the ELA and the combined mortality/morbidity of the adult avian challenge assay (r = 0.861, P < 0.0001) since the ELA results in more deaths as compared to the chicken challenge. Consequently, in the present research, the ELA was investigated to be used as an alternative to adult avian challenge assay to select for disease resistance.
Research on breeding for disease resistance in poultry such as Marek's disease, avian leukosis viruses, salmonellosis, and colibacillosis has already been carried out. Heritability for resistance to diseases reported in the literature by applying different statistical methods is usually low. According to Arthur and Albers (2003) , the heritability of resistance to a disease is generally under 10%. Beaumont et al. (2009) estimated the heritability of resistance to Marek's disease of h 2 = 0.16 in chicks, while it varied from h 2 = 0.14 to h 2 = 0.23 with analyzed organs in adult hens. Berthelot et al. (1998) reported heritabilities for resistance to the cecal carrier state of Salmonella Enteritidis from h 2 = 0.08 to h 2 = 0.09. Janss and Bolder (2000) estimated heritability for mortality to S. Enteritidis of h 2 = 0.12. Cavero et al. (2009) reported heritability for resistance to E. coli of h 2 = 0.17, and different studies estimated direct heritabilities for ascites syndrome with up to h 2 = 0.44 (Ahmadpanah et al., 2017) . To our best knowledge, this is the first time that breeding for resistance to E. faecalis infection has been assessed. In accordance with the estimated heritabilities for resistance to different diseases, the estimated heritability for embryonic survivability ranged from h 2 = 0.12 ± 0.04, calculated with the logistic link function, to h 2 = 0.14 ± 0.05, calculated with the probit link function (Table 3) , i.e., that 12 to 14% of the total variability of the resistance to the E. faeaclis infection is explained by additive genetic reasons. Traits with similar or even lower heritability are successfully included in breeding programs. The repeatability calculated with the logistic and probit link function was w 2 = 0. 18 ± 0.02 and w 2 = 0.22 ± 0.02, respectively, which indicates that the heritability for embryonic survivability can thus be increased by efficiently evaluating more embryos per hen. Besides, as shown in Figure 2 , the average EMR obtained per embryo during the 3 ELAs showed variability among the tested embryos of 23%, which can be reduced by increasing the sample size. Therefore, it might be feasible to include this trait in the breeding programs to select the siblings of the tested embryos as breeding stocks.
Additionally, the genetic correlations between embryonic survivability and other economical important traits should be taken into account because it allows carrying out an indirect selection through a correlated response, i.e., a favorable correlation allows making simultaneous improvement in the traits. Unfortunately, information on genetic correlations among disease resistance and production traits is scarce. Han and Smyth (1972) reported that chickens selected for higher growth rate were more susceptible to develop Marek's disease than chickens selected for slower growth rate. Gavora et al. (1974) observed that more chickens resistant to Marek's disease had lower body weight and their eggs were smaller than susceptible chickens. Chickens selected by Spencer et al. (1979) for high egg production showed more resistance to lymphoid leukosis virus. Greef et al. (1998) and Moghadam et al. (2001) reported the genetic correlation between ascites syndrome and body weight, which is not clear. Greef et al. (1998) reported a negative correlation and, on the contrary, Moghadam et al. (2001) reported a positive correlation between these traits. Genetic correlations in the present study are in accordance with the results obtained by Cavero et al. (2009) . These authors observed that laying hens which are more resistant to E. coli infection had a better initial laying performance and lower feed intake. On the contrary, laying hens that are susceptible to colibacillosis showed better BS and EW, although these differences between resistant and susceptible laying hens were not large. Therefore, they concluded that the selection for E. coli resistance could be added into a commercial selection program without penalizing the improvement of the analyzed traits.
As shown in Table 4 , the estimated correlation between EW and embryonic survivability in the present study was positive (r g = +0.16 ± 0.14), implying a favorable genetic correlation. However, the genetic correlation between embryonic survivability and the traits related with shell stability indicate that BS and K dyn are not favored by a lower mortality. This is not desired from a breeding point of view.
Selection for disease resistance based on adult avian challenge assays may not be feasible by the need of tests with an excessive number of breeders on the pedigree population under selection. This produces a risk of killing excessive number of breeders and reducing effective selection for other traits. Additionally, the adult avian challenge assay is limited by relatively high costs, it's labor intensive, and ethical animal welfare aspects need to be taken into consideration (Wooley et al., 2000) . On the contrary, the ELA does not require that the hens be exposed to pathogens thereby saving labor and cost. Embryos of pure-line pedigree stocks could be tested and selected without subjecting breeding stock to disease conditions. The breeders would not loose valuable pure line hens. Besides, a comparison of mortality rate of adult avian challenge assay and ELA showed a high positive correlation (r = 0.823, P < 0.0001) (Gibbs and Wooley, 2003) . Therefore, the ELA might be feasible for implementation in selection programs.
It should be noted that the present study was carried out with a single pathogenic E. faecalis strain (K923/96). Therefore, a very specific disease selection program might protect the current birds but it will provide little protection in the years to come. Besides, many other different strains of E. faecalis have been isolated from AA field outbreaks. Therefore, the lower susceptibility to one strain does not automatically mean a general improvement in immune response against all strains, but rather to a limited range of them. Additionally, the economic importance of bacterial diseases as a whole is much higher than of one bacterium alone. Therefore, it would be important to establish whether selection against E. faecalis infection alters susceptibility against other pathogens.
In summary, the heritabilities estimated in the present study showed that the selection for increased resistance to E. faecalis infection is feasible. Genetic selection for resistance to E. faecalis infection will contribute to the reduction of the incidence of AA, diseaserelated costs, the consumption of antibiotics, and will improve the welfare of the future layers produced. Negative correlations between embryonic survivability and some economically important traits were also observed. Special care should therefore be taken to monitor and to take all traits and their correlations into account to achieve a balanced genetic progress. Thanks to the ELA, the labor and costs associated to the challenge are reduced and the ethical and animal welfare reasons are minimized.
The present research shows a new perspective for the implementation of genetic selection for E. faecalis susceptibility in laying hens. The practical implementation will require that the breeding company is convinced that AA is of significant economic importance, which depends on disease incidence, production costs, and losses associated with sick and/or dead chicks, in addition to welfare and food safety concerns of consumers.
